A b s t r a c t. The objective of the work was to evaluate, by using the micromorphometric method, the effects of reclamation on porosity of two different clay loam soils irrigated with saline-sodic waters. Soil samples of the Ap horizon were put in cylindrical containers and irrigated with 9 types of saline-sodic waters (3 levels of salinity combined with 3 levels of sodicity). After a 4-year period, correction treatments were initiated by addition of calcium sulphate and leaching until electrical conductivity and sodium absorption ratio values of the drainage water matched 3 dS m -1 and 9, respectively. After 2 years of correction treatments, undisturbed soil samples were taken from the surface layer and soil thin sections for porosity measurements. Both soils did not show critical macroporosity values (> 10%, below this threshold a soil is classified as compact). Nevertheless, the soils exhibited a different behaviour: total porosity of the Pachic Haploxeroll soil was not affected by difference in water salinity and alkalinity; on the contrary, the Udertic Ustochrept soil showed a lower porosity associated with higher salt concentration in the irrigation waters. This may be due to the different iron and aluminium sesquioxides content and, as a consequence, a different effect on soil aggregate stability.
K e y w o r d s: soil structure, soil porosity, salinity, image analysis, bulk density INTRODUCTION Soil salinization is a serious eco-environmental problem in the arid and semiarid regions of the world that is increasingly threatening the sustainability of irrigated farming (Chhabra, 2005) . The use of irrigation water with high salt and sodium levels may cause harmful effects both on the existing crops and on the physical soil properties, notably on soil structure, so assessing the potential risks associated with it would be recommended before deciding whether you need to apply this practice.
To better evaluate the effect of salinity on the soil it is necessary to know the salt composition, in particular sodium concentration. Actually, sodium has the opposite effect to salinity on soils. While a high salt concentration may usually increase flocculation, saturation with sodium causes its dispersion. The soil type (texture, mineralogy and clay composition, content of organic matter and inorganic binders), the irrigation techniques and rainfall also influence the flocculation and dispersion of colloidal particles (Ayers and Westcot, 1985; Ladeiro, 2012; Qadir and Oster, 2004) .
In saline soils and under the typical semi-arid conditions of the Mediterranean environments, irrigation is often applied using unconventional water. During the irrigation season, large amounts of soluble salts and low quantities of exchangeable sodium favour the state of flocculation of clay particles, thus ensuring a good structural status and free circulation of air and water along the soil profile. However, the first rainfall triggers, especially in top horizons, leaching processes that cause solute transportation towards the lower part of the profile or their final disposal. Moreover, since these structural elements are highly unstable towards the weathering action of water, they tend to get dispersed causing the clogging of large pores and the change to massive forms of structure, thus reducing the hydraulic conductivity and the soil ability to drain excess water.
Hence, in these soils the structure is subject to a definite seasonal dynamics, changing from optimal granular or angular and sub-angular polyhedral forms to massive forms. There are also soils with a high sodium content in the soil solution. The subsequent formation of sodic clays and the destruction of aggregates originates, in natric horizons, coarse and, in more severe cases, even massive column structures (Abdelgawad et al., 2004) .
In particular, the harmful effects of sodium in clay soils vary according to the clay mineral composition (Saskatchewan Water Corporation, 1987) ; sodium excess reduces in particular the permeability in soils with prevailing montmorillonite clays as compared to soils containing illite-vermiculite and kaolinite, and major problems occur when Na + excess is associated with a low salt concentration. Hence, Na + induces deflocculation, favouring -in the long-term -an increase in soil bulk density and a higher micropore/ macropore volume ratio.
Many research works have proved the beneficial effects of calcium sulphate application on the physicochemical properties of sodic-saline soils, including a rise in permeability and leaching (Ilyas et al., 1997) , an increase in soil flocculation and macroporosity (Greene et al., 1988) , and a reduction of surface crusting (Gal et al., 1984) .
Over the last fifteen years new methods have been developed for the control and monitoring of saline soils. These methods have been grouped as hydraulic, physical, chemical and biological. The latter include different techniques such as the phyto-desalination due to four main factors: -CO 2 partial pressure in the root-zone, -release of protons from roots (in the case of N 2 fixing plants), -improvement of porosity and soil structure with pore size increase subsequent to root expansion; -removal of soil-contained sodium through the abstraction of vegetation (Sakai et al., 2012) . Many authors encourage the use of hyper-accumulating halophytic plants for soil desalinization (Quadir and Oster, 2004) .
The growing of crops appropriate to the local conditions, the supply of organic matter, the proper use of agricultural practices, the development of irrigation in rice-fields, the growing of Melilotus officinalis L. and other salt-tolerant crops, are all useful methods to improve saline soils (Bian et al., 2012; Sakai, 2012; Zao et al., 2012) .
In Songnen plain (China), within the Daan irrigation scheme, a study was also performed on the effect of freezing and thawing on soil salinization (Zhang and Wang, 2000) .
The knowledge of the soil-water relationship and of the physicochemical and saline features in sodic-saline areas is essential to support governmental agencies for the development of sustainable agriculture policies and for land protection against degradation. As for the physical soil properties, the quality of the structural status may be evaluated through the quantification and characterization of the pore system, the bulk density and the assessment of the stability index of structural aggregates. The purpose of this paper is to assess the effects of reclamation on the structural quality of two different soils irrigated with sodic-saline water.
MATERIALS AND METHODS
The study was conducted on two silty-clay textured soils, ie classified as Udertic Ustochrept, Montefalcone series (Bologna G-OM l ) and Pachic Haploxeroll, Cutino series (Locorotondo R-OM h ) (Soil Survey Staff, 2006) . The characteristics of the two soil types are reported in Table 1 .
The soil called Bologna, characterized by a gray colour (G-), has a predominance of vermiculite and illite, small quantities of iron and aluminium sesquioxides and a lower content of organic matter (OM l ) than the soil called Locorotondo; the latter, red coloured (R-), is characterized by a predominance of illite and kaolinite, large amounts of iron and aluminium sesquioxides and a higher organic matter content (OM h ) as compared to Bologna soil. The soil samples, taken from the Ap horizon of each soil, were placed in cylindrical pots (0.40 m in diameter and 0.60 m in height, equipped with a bottom valve for the discharge of drainage water, placed under a shed to prevent the leaching action of rainfall) and irrigated with 9 types of sodic-saline water: 3 salinity levels (10 -32 -64 mmol l -1 ) combined with 3 sodium absorption ratio levels (SAR= 5 -15 -45) and using 20% leaching fraction. The 9 types of water were obtained by dissolving adequate amounts of NaCl and CaCl 2 in de-ionized water. The research was conducted following the split-plot experimental design with three replicates.
The experiment was carried on for four years after which the soils were analysed for saturation extract electrical conductivity (ECe), pH and exchangeable sodium percentage (ESP), following the official methods (Violante, 2000) . Moreover, soil bulk density was measured by the core method (Ø 7 cm and h 7.5 cm) (Blake and Hartge, 1986) taking undisturbed samples from the soil top layer (0-10 cm) in three replicates for each pot.
Afterwards, different soil conditioning treatments were selected, ie application of calcium sulphate, growing of a salt-tolerant crop followed by a legume, application of leaching water. The 2 soils, grown with a cereal (barley) followed by legume (Borlotti bean), were irrigated with fresh water (EC w = 0.5 dS m -1 and SAR = 0.45) whenever 30% of the maximum available moisture was lost by evapotranspiration in the soil contained in pots. Soil conditioning treatments involved the application of calcium sulphate to the soils with ESP > 6% and the application of leaching fractions equal to 20% of the watering volume for more saline soils and proportionately lower fractions for less saline soils, until the electrical conductivity and the SAR of drainage water reached 3 and 9 dS m -1 , respectively.
After two-year soil conditioning treatments, disturbed and undisturbed soil samples were taken and used to determine macroporosity, bulk density and the structural/ aggregate stability index.
Soil macroporosity was evaluated by the micromorphometric method (Pagliai et al., 2004) . This method allows the quantification of soil macroporosity with regard to pore shape, pore size distribution, irregularity, orientation, continuity, etc. on thin sections. Vertically oriented thin sections were obtained from undisturbed soil samples taken from the top layer (0-10 cm) (two samples for each pot -six replicates for each treatment). The samples were dried by acetone replacement (Miedema et al., 1974) and impregnated under vacuum with a polyester resin. The impregnated blocks were cut into 6 cm high x 7 cm wide x 30 µm thick vertically oriented thin sections. Thin sections were examined by image analyzer, using the Image-Pro Plus software produced by 'Media Cybernetics' (Silver Spring MD, USA). Total porosity and pore distribution were measured according to pore shape and size, the instrument being set up to measure pores larger than 50 μm. Pore shape was expressed by a shape factor [perimeter 2 (4π area)
-1 ] so that pores could be divided into regular (more or less rounded, shape factor 1-2), irregular (shape factor 2-5), and elongated (shape factor > 5). These classes correspond approximately to those used by Bouma et al. (1977) . Pores of each shape group can be further subdivided into size classes (50-100, 100-200, 200-300, 300-400, 400-500, 500-1000, >1000 μm) according to either their equivalent pore diameter (regular and irregular pores), or their width (elongated pores) (Pagliai et al., 1984) . Thin sections were also examined using a Zeiss 'R POL' microscope at 25x magnification to observe soil structure. Soil bulk density was measured according to the procedure described previously.
On composite soil samples taken along the whole profile, the structure stability was assessed using the wet sieving method with mechanic vertical oscillation with or without alcohol pre-treatment. (Hénin et al., 1969; Kemper and Rosenau, 1986) . The apparatus was equipped with vertical supports to which 6 sieves with 0.2 mm mesh size were fixed. The sieves were subjected to vertical oscillation with a stroke of 30 mm and a frequency of 30 oscillations min -1 for 30 min. For each soil sample, 10 g of air dried aggregates in the range of 1-2 mm (air dried or pre-wetted with ethanol) was submerged in 300 cm 3 of deionized water for 30 min, then transferred to sieves previously dipped in deionized water and subjected to a vertical oscillating movement. The remaining aggregates were oven dried at 105°C and subjected to a dispersion treatment (40 g l -1 sodium hexametaphosphate and 10 g l -1 sodium carbonate) for coarse sand determination.
The water stability index (WSI) was calculated as (B-C)/((A×k)-C) × 100, where A is the mass of air-dried soil aggregates, B is the oven-dry mass of aggregates remaining in the sieve, C is the mass of sand fraction and k is the correction factor for soil moisture content (k = mass of oven-dry aggregates divided by the mass of air-dry aggregates). Each determination was made at least in triplicate (Pagliai et al., 1997) .
The tested and calculated parameters were subjected to the variance analysis using the SAS software, and the means were evaluated by Duncan test.
RESULTS AND DISCUSSION
The results of chemical analyzes conducted after a fouryear period of irrigation with sodic-saline water, applied in some cases with ECw and SAR falling within the quality class with severe limitations for potential damage to the structure, show an increase in salt concentration (> 4 dS m -1 ) and soil sodium (Table 2) . Therefore, the soils irrigated with water of higher salt concentration and higher sodium level (64 mmol l -1 and SAR 45) showed saturation extract electrical conductivity values (ECe) equal to 15.64 and 20.96 dS m -1 and ESP values of 13.86 and 12.01%, respectively, for G-OM l and R-OM h (Table 2) . However, the ESP values were always lower than 15. For this reason, in accordance with the U.S. Salinity Laboratory Staff (1954), the soils under study cannot be classified as sodic-saline.
The treatments with calcium sulphate, commonly used to reclaim sodic and sodic-saline soils, were applied because the results obtained by Cavazza et al. (2002) on soil structure stability have pointed out that an increase in sodium percentage results in a gradual reduction of aggregate stability. In particular, R-OM h , characterized by a higher intrinsic structural stability than G-OM l , keeps constant stability values only until ESP values below 5, then they quickly decrease.
After two years of reclamation (by chemical, biological, hydraulic and physical methods), in both soils, macroporosity values are not critical, they are in the range of 10-25% and, according to the micromorphometric method (Pagliai, 1988) , correspond to moderately porous soil. However, the soils have shown a different behaviour: in G-OM l (Fig. 1a) porosity is lower in the treatments irrigated with water of higher salt concentration, whereas R-OM h has not shown any difference in terms of total porosity with the increase in salinity and alkalinity (Fig.1b) .
Pore shape and size distribution revealed that the decrease of porosity in G-OM l following the increase of salinity of irrigation water was mainly due to the decrease of the proportion of elongated continuous pore (Fig. 2) , while in R-OM h , as was the case of total macroporosity, the pore shape and size distribution did not show significant differences.
Micromorphological observations showed that the higher value of total macroporosity, particularly elongated pores, in G-OM l irrigated with low salinity water produced a good subangular blocky structure (Fig. 2) , while the decrease of porosity in this soil irrigated with high salinity water produced a more compact soil structure. Following the same trend of soil macroporosity, the R-OM h showed the same rather compact subangular blocky structure independent of the level of salinity in the irrigation water. Russo (2013) has also reported variations in the pore distribution during the interaction between matrix and soil solution as a function of the mineralogical composition, in particular in the presence of montmorillonite.
The soil variations after two years of reclamation treatments are confirmed by the significant reductions in soil bulk density that are more accentuated in R-OM h soil, probably due to its particular mineralogical composition. The bulk density of the 2 soils that after the four-year irrigation with sodic-saline water showed mean values of 1.26 kg dm -3 (G-OM l ) and 1.23 kg dm -3 (R-OM h ) decreased with reclamation treatments to a different extent for the two soils (1.7 and 3.3%, respectively for the G-OM l and R-OM h soils) (Table 2, Fig. 4) . Therefore, the soil R-OM h , featuring a predominance of illite and kaolinite, large amounts of iron and aluminium sesquioxides and a double organic matter content, re-established its physicochemical properties following the reclamation treatments more quickly compared to the soil G-OM l , characterized by a predominance of vermiculite and illite and small quantities of iron and aluminium sesquioxides. The reduction of soil bulk density has an effect on water and air contents in soil and it also significantly influences permeability, drainage, and root penetration and growth.
A similar trend was observed for the soil structural stability index which, from values of 29.3 and 38.3%, after the four-year irrigation with sodic-saline water (Cucci and Lacolla, 2013 ) increased on average after reclamation by 9.8 and 14.1%, respectively, for the G-OM l and R-OM h , without any significant effect of the variation of sanility and alcalinity (Fig. 5 ). Illite and kaolinite largely contribute to stabilising soil structure, notably in soils rich in sesquioxides (Cavazza et al., 2002) . The structural/aggregate stability index increased on average by over 16%, shifting from the soils previously irrigated with water with salt concentration of 64 mmol l -1 to those irrigated with water of 10 mmol l -1 (Fig. 6) . The low structural stability of non-pretreated samples was always associated with an increased stability after alcohol pretreatment (Fig. 6) , the first result reflects the soil surface status (pouring rain effect), whereas the other expresses better its effect below the soil surface (Cavazza et al., 2002; Cucci and Lacolla, 2013) .
The available data enable to formulate some considerations on the different behaviours of these two soils. More specifically, in R-OM h , rich in organic matter (3.13%), the presence of iron and aluminium sesquioxides plays a major role, thus confirming that the various forms of Al and Fe in the soil favour flocculation and reduce 'swelling' and dispersion mechanisms of clay minerals responsible, under sodic conditions, for modifications in the pore system and consequently in the hydraulic conductivity values (Goldberg and Glaubig, 1987; Shainberg and Levy, 1992) . Further studies are needed to account for the behaviour of G-OM l , a possible interpretation is to recognize the flocculating effect of high salt concentrations on clays, but also the instability of these structural crumbs especially when the soil is subjected to leaching. The higher leaching applications in the G-OM l treatments with higher salt concentrations might have caused a quicker structure degradation as compared to less leached treatments with lower salt concentrations. b Fig. 2 . Pore size distribution, expressed as equivalent pore diameter, for regular and irregular pores and width for elongated pores as related to the soil type (Udertic Ustochrept -G-OM l and Pachic Haploxeroll -R-OM h ), salt concentration and SAR (sodium absorption ratio) of irrigation water after two years of reclamation.
Fig. 3.
Macrophotographs of vertically oriented thin sections prepared from undisturbed samples from the two studied soils. In Udertic Ustochrept (G-OM l ) there is the effect of salt concentration also at the lowest SAR level, whereas in Pachic Haploxeroll (R-OM h ) the porosity does not change with different salt concentrations, even when using water with higher SAR levels. 1. In general, on two silty-clay textured soils, irrigation with sodic-saline water has not caused any permanent macroscopic effect of structure deterioration. After two years of reclamation both soils respectively showed values of bulk density very similar to those on the start of the experiment.
2. Nevertheless, the irrigation with sodic-saline water has caused in Udertic Ustochrep, which is structurally more unstable, harmful and more durable effects on the shape and size distribution of soil pores, as compared to Pachic Haploxeroll. For the soil Pachic Haploxeroll, characterized by a lower propensity to physical degradation, two years of soil conditioning treatments were sufficient to recover and nullify the effect of irrigation with sodic-saline water.
3. The structural stability index gradually decreased with the increasing salinization and sodification of the two soil types. In the red soil of Pachic Haploxeroll that is rich in illite and kaolin clay minerals, and well-supplied with organic matter and iron and aluminium sesquioxides, the structural aggregates have remained more stable.
